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Dormancy is a key survival strategy in many organisms across the tree of life.
Organisms that utilize some type of dormancy (hibernation, aestivation, brumation,
diapause, and quiescence) are able to survive in habitats that would otherwise be
uninhabitable. Induction into dormant states is typically caused by environmental stress.
While organisms are dormant, their physical activity is minimal, and their metabolic
rates are severely depressed (hypometabolism). These metabolic reductions allow for
the conservation and distribution of energy while conditions in the environment are
poor. When conditions are more favorable, the organisms are then able to come out
of dormancy and reengage in their environment. Polyaneuploid cancer cells (PACCs),
proposed mediators of cancer metastasis and resistance, access evolutionary programs
and employ dormancy as a survival mechanism in response to stress. Quiescence, the
type of dormancy observed in PACCs, allows these cells the ability to survive stressful
conditions (e.g., hypoxia in the microenvironment, transiting the bloodstream during
metastasis, and exposure to chemotherapy) by downregulating and altering metabolic
function, but then increasing metabolic activities again once stress has passed. We can
gain insights regarding the mechanisms underlying PACC dormancy by looking to the
evolution of dormancy in different organisms.
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INTRODUCTION: DORMANCY, AND CANCER

Metastatic cancer is resistant to almost all known systemic therapies and remains largely incurable
(Pienta et al., 2020b). The inability to cure metastatic cancer leads to more than 10 million deaths
globally per year (Bray et al., 2018). This resistance to therapy appears to be mediated, at least
in part, by dormancy, a common survival strategy for many different organisms. Cancer cell
dormancy occurs when cancer cells enter reversible cell cycle arrest known as quiescence (Yeh and
Ramaswamy, 2015; Gao et al., 2017; Jahanban-Esfahlan et al., 2019; Recasens and Munoz, 2019).
These dormant cancer cells lack proliferative and apoptotic markers but are still metabolically
active and able to maintain essential cellular processes without continuous growth (Gao et al.,
2017). Dormancy allows cancer cells the ability to survive new environments, initiate metastasis,
become resistant to therapy, and evade immune detection (Recasens and Munoz, 2019). Cancer
progression occurs when a dormant malignant cell gains the ability to re-enter cell cycle and restart
uncontrolled proliferation. The ability to lay dormant during chemotherapy, stay metabolically
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active, and eventually reinitiate proliferation enables cancer cell
survival and results in observed therapy resistant recurrence
(Pienta et al., 2020c, 2021).

New evidence suggests that the dormant cancer cell capable of
surviving stress by entering a quiescent state is the polyaneuploid
cancer cell (PACC) (Lopez-Sánchez et al., 2014; Pienta et al.,
2021). PACCs [also referred to as polyploid giant cancer cells
(PGCCs), multinucleated cancer cells, blastomere-like cancer
cells, and osteoclast-like cancer cells] are enlarged cancer cells
that have undergone whole-genome multiplication of their
aneuploid genome (Erenpreisa et al., 2000, 2008; Mosieniak and
Sikora, 2010; Zhang et al., 2014, 2015; Fei et al., 2015; Chen
et al., 2019; Pienta et al., 2020c). Polyaneuploid cancer cells have
been observed in cell lines, in patients, and in mouse models
across virtually all cancer types (Virchow, 1860; Illidge et al.,
2000; Erenpreisa et al., 2008; Puig, 2008; Zhang et al., 2013,
2014; Ogden et al., 2015; Mittal et al., 2017; Niu et al., 2017;
Mirzayans et al., 2018; Amend et al., 2019; Chen et al., 2019).
Polyaneuploid cancer cells are capable of forming in response to
many different environmental/applied stressors such as hypoxia,
lack of nutrients, changes in pH, chemotherapy, or radiation
(Illidge et al., 2000; Makarovskiy et al., 2002; Erenpreisa et al.,
2008; Puig, 2008; Lopez-Sánchez et al., 2014; Mittal et al., 2017;
Mirzayans et al., 2018; Amend et al., 2019; Chen et al., 2019;
Lin et al., 2019). PACCs can form by endoreplication, failed
cytokinesis, and fusion (Illidge et al., 2000; Mirzayans et al.,
2018; Amend et al., 2019; Chen et al., 2019; Lin et al., 2019).
Cancer cells with the ability to become a PACC have the capability
to alter metabolic functions to enter quiescence to avoid DNA
damage, potentially providing a mechanism of therapy resistance.
When stress is lifted, PACCs exit quiescence and can repopulate
an aneuploid population by neosis (cell budding). A better
understanding of cancer cell and PACC dormancy is critical in
the quest to cure cancer. This review focuses on what we can learn
from dormancy observed in ecology to better understand how
polyaneuploid cancer cells alter their metabolism and survive in
a dormant state while under stress.

DORMANCY: A METABOLIC STRATEGY
FOR SURVIVAL

Dormancy is a broadly used term to describe inactivity or
lethargy (Navas and Carvalho, 2010). During dormancy, physical
activity in organisms is minimal and metabolic rates can be
altered or severely depressed (hypometabolism) (Navas and
Carvalho, 2010; Mayer, 2016). Dormancy can be a response to
various conditions such as circannual rhythm, temperature, or
availability of resources (i.e., food and water) (Harlow, 1995;
Lehmer et al., 2001; Navas and Carvalho, 2010). Dormancy
can occur over short periods of time (less than a day), multiple
days, an entire season, or, in extreme cases, even many years
(Navas and Carvalho, 2010). While dormant organisms are
physically inactive, they can still be aroused by disturbances
without any major changes in their physiological state. There
are many different forms of dormancy including hibernation
(winter dormancy) (Geiser, 2013), aestivation (summer or

dry season dormancy) (Storey and Storey, 2012), brumation
(winter dormancy observed in ectotherms) (Wilkinson et al.,
2017), diapause (period of suspended development in an
insect, invertebrate, or mammal embryo in unfavorable
conditions) (Denlinger, 2000; Tougeron, 2019), and quiescence
(opportunistic inactivity observed in plants and cells) (Table 1)
(Navas and Carvalho, 2010). During all of these dormant
conditions organisms alter their metabolism to better survive
unfavorable circumstances in their environment.

Hibernation
One of the most well-known and commonly recognized forms
of dormancy is hibernation (Geiser, 2013). Hibernation can be
split into two categories: obligate hibernation and facultative
hibernation (Chayama et al., 2016). Obligate hibernation, the
more common form of hibernation, occurs when a mammal
hibernates at the same time every year (e.g., arctic ground
squirrels and dwarf lemurs) (Chayama et al., 2016). The other
form of hibernation, facultative hibernation, occurs only when
an organism faces stress in their environment (e.g., black-
tailed prairie dogs) (Lehmer et al., 2001; Chayama et al., 2016).
Hibernation is characterized by a reduction in body temperature,
energy expenditure, and other physiological functions in
mammals (Geiser, 2013). These changes in metabolic functions
allow for the conserved resources to be utilized throughout
a multiday torpor (inactivity). Multiday torpor was originally
hypothesized to only occur in winter due to the cold weather,
however, it has since been revealed that it is most likely due
to the lack of resources available during winter rather than the
weather itself (Geiser, 2013). Hibernating species have evolved
the ability to enter torpor to conserve energy by reducing their
metabolic states in order to survive. Without evolving the ability
to hibernate, many organisms would not have survived the
environments they live in.

Obligate Hibernation
The majority of ground squirrels are obligate hibernators,
including the arctic ground squirrel. Obligate hibernation allows
arctic ground squirrels to survive harsh winters in Alaska despite
sub-zero temperatures, frozen soil, little to no food available,
and near complete darkness (Loren and Barnes, 1999). Obligate
hibernators, like the arctic ground squirrel, have endogenously
timed annual dormancy in winter where they generate energy
reserves during the warmer months and then that energy is
conserved through a large reduction of basal metabolic rate, heart
rate, blood flow, and temperature while they hibernate (Loren
and Barnes, 1999; Singhal et al., 2020). Arctic ground squirrels
can hibernate for up to 8 months out of every year and during
this hibernation they lower their body temperature to adopt the
lowest body temperature ever measured in a mammal (-2.9◦C)
(Loren and Barnes, 1999; Buck et al., 2008; Richter et al., 2015;
Singhal et al., 2020; Rice et al., 2020). Arctic ground squirrels
recycle broken down nutrients while in hibernation to enable
survival (Rice et al., 2020). Muscle is broken down and the
free nitrogen generated can be converted into necessary amino
acids (Rice et al., 2020). Using those amino acids, the squirrels
can synthesize new proteins necessary for continued survival
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TABLE 1 | Metabolic characteristics of dormancy in nature and in PACCs.

Type of dormancy Ecologic example Organism metabolic characteristics PACC metabolic similarities

Obligate hibernation Arctic ground squirrel • Occurs annually (winter)
• Metabolic depression
• Recycling of broken-down materials for energy

• High autophagy levels: recycling of
broken-down intracellular contents
for energy

Facultative hibernation Black-tailed prairie dog • Only occurs under stress
• Metabolic depression
• Low lipid peroxidation rates

• Only occurs under stress
• High lipid levels

Aestivation Helix aspersa • Metabolic depression
• Reduction in macromolecule synthesis and degradation

• Altered metabolism

Brumation Tiger salamander • Can occur annually or under stress (depends on the species)
• Metabolic depression

• Altered metabolism

Diapause Bombyx mori • Only occurs under stress
• Metabolic depression
• Low behavioral activity
• Slowing of growth
• Reproductive functional arrest

• Slowing of growth
• Low motility
• Halt in cell division

Quiescence S. cerevisiae • Occurs under stress
• Widened cell wall
• Sequestering protein
• Transcriptional shut down
• Increase in size
• Halt in cell division

• Enlarged cell structure
• High lipid levels
• Halt in cell division

during their torpor without needing to ingest new nutrients from
the environment (Rice et al., 2020). Additionally, arctic ground
squirrels often wake from their hibernation while conditions
in Alaska are still harsh and still have enough energy reserve
leftover to sustain life until conditions improve and they are able
to successfully forage for food (Loren and Barnes, 1999). This
means that they strictly only dispense energy while in hibernation
when completely necessary so as not to waste energy. This annual
hibernation to avoid the harsh winters allows arctic ground
squirrels to survive and populate a habitat which they would
otherwise be unable to survive in.

Facultative Hibernation
Black-tailed prairie dogs, facultative hibernators, are unlike
obligate hibernators as they only enter a shallow torpor in
times of stress rather than entering an annual multi-day torpor.
This shallow torpor is most commonly induced when black-
tailed prairie dogs are severely cold or deprived of food and
water (Harlow, 1995; Lehmer et al., 2001; Harlow and Frank,
2001). Similar to obligate hibernators, black-tailed prairie dogs
experience a drop in body temperature and metabolic rate
during their short term torpor (Geiser, 2013). The physiological
advantages for adapting to be a facultative hibernator are still
not well known, but it is hypothesized that natural selection
likely favored facultative hibernation as black-tailed prairie
dogs have lower lipid peroxidation rates, allowing them to
conserve fat for extended periods of time (Harlow and Frank,
2001). Black-tailed prairie dogs share a common ancestor with
white-tailed prairie dogs yet white-tailed prairie dogs remained
obligate hibernators while black-tailed prairie dogs evolved to
be facultative hibernators (Harlow, 1995). Some hypotheses of
why black-tailed prairie dogs evolved to be facultative hibernators
include (1) a lengthened growing season and a higher abundance

of food in the great plains reducing the need for long term
hibernation, (2) a lack of refuge from their most common
predator, the black-footed-ferret, forced them to evolve to
hibernate less, and (3) the black-tailed prairie dog conserves fat
rather than protein during fasting which could reduce its ability
to successfully hibernate for long periods of time (Harlow, 1995).
While the true reason for this evolution is still unknown, it is
interesting to note that evolving to be facultative hibernators
has allowed black-tailed prairie dogs to only hibernate when
absolutely necessary for survival, not on an annual basis.

Aestivation
Aestivation, while similar to hibernation, occurs during the
warmer months of the year instead of during the winter
(Navas and Carvalho, 2010). Aestivation is also known as
“light” hibernation as these organisms are able to wake from
their dormant state very quickly after the stress is removed.
Ectotherms, organisms that are dependent on external sources
of body heat (i.e., “cold-blooded”), undergo an intrinsic
metabolic depression in which their metabolic rate declines
to about 10–20% of their resting metabolic rate at the same
body temperature, while endotherms, organisms capable of
the internal generation of heat (i.e., “warm-blooded”) undergo
a fundamental physiological change in body temperature,
reduction in metabolic rate, and water loss (Navas and Carvalho,
2010). Helix aspersa, commonly known as the garden snail, is
an example of an ectotherm that performs aestivation (Pedler
et al., 1996). When overheated or underfed these snails are able
to create a seal on their shell to prevent any residual moisture
from leaving their body (Pedler et al., 1996). The snails then
enter aestivation for long or short periods of time to survive
whatever harsh conditions they have encountered (Pedler et al.,
1996). During this period the snail only allocates energy to the
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most necessary processes for survival. For example, energy is
not allocated to reproductive efforts. While hibernation during
winter is the most common form of torpor known, aestivation
provides animals with a survival strategy during the summer
months. The utilization of dormancy and an altered metabolism
to survive harsh heat, drought, and lack of food allows these
animals to live and populate in an environment that would
otherwise be deadly to them.

Brumation
Brumation is winter dormancy performed by ectotherms
(Wilkinson et al., 2017; Kundey et al., 2018). While (obligate or
facultative) hibernating mammals may experience regular small
arousals from torpidity during the winter months, ectotherms
undergoing brumation are dependent upon the temperature
of their environment and stay dormant until temperatures
rise again (Wilkinson et al., 2017; Kundey et al., 2018). An
example of an ectotherm that undergoes brumation is the tiger
salamander (Kundey et al., 2018). If temperature is constant
and within a normal range for the salamanders they will not
undergo brumation at any point during the year. However, if
the salamanders live in an area where the temperature drastically
drops at any point in the year they automatically enter brumation
to survive the temperature change (Kundey et al., 2018). Tiger
salamanders are also able to enter into aestivation during summer
on days that are extremely hot, but their aestivation periods are
typically much shorter than their brumation periods (Kundey
et al., 2018). Additionally, multiple studies have shown that
entering and exiting brumation does not result in any change
in memory retention, meaning that as soon as tiger salamanders
come out of brumation they remember exactly where to find food
and how to find a mate (Wilkinson et al., 2017; Kundey et al.,
2018). Tiger salamanders’ unique adaptions to enter brumation
allow them to survive harsh winters or summers that would
otherwise eliminate them from the environment.

Diapause
Diapause is a form of developmental arrest in insects that
is equivalent to hibernation in mammals (Denlinger, 2000).
Diapause is characterized by low metabolic activity, low
behavioral activity, morphogenesis and reproductive functional
arrest, and the slowing of growth (Denlinger, 2000; Tougeron,
2019). Diapause is obligatory in some species of insects and
facultative in others (Denlinger, 2000). Diapause is induced by
abiotic cues that indicate the onset of adverse conditions in
the environment (Denlinger, 2000; Antonova-Koch et al., 2013).
While diapause most commonly occurs during the winter, it can
also occur during summer in months of extreme heat when there
is a lack of resources (Denlinger, 2000). The arrest induced by
diapause occurs in species-specific life stages (Antonova-Koch
et al., 2013; Tougeron, 2019). For example, in the silk moth
Bombyx mori, diapause occurs early in embryonic development,
while in the gypsy moth Lymantria dispar, diapause occurs at
the completion of embryonic development (Denlinger, 2000).
Diapause allows insects at different life stages to halt growth
and activity in adverse environments to enhance their survival.
Without evolving to perform diapause, insects may have only

been able to populate very specific regions of the world making
them susceptible to predation and overcrowding.

Quiescence
Cellular quiescence, also known as the G0 stage in cell
cycle, is defined as reversible proliferation arrest. Unicellular
organisms as well as individual cells of various prokaryotic and
eukaryotic microorganisms can survive in a quiescent state for
long periods of time (days, months, or years) without added
nutrients (Gray et al., 2004). Unicellular organisms and cells
in complex organisms utilize and spend a part of their life in
quiescence (Sagot and Laporte, 2019). Entry into quiescence is
associated with dramatic decreases and changes in metabolic
activities (Sagot and Laporte, 2019). While metabolism may slow
and change while these cells are in a non-proliferative state,
these cells are not completely inactive as they still perform
basic maintenance for survival. Unicellular organisms are more
frequently quiescent and can remain in a quiescent state waiting
for signals such as temperature, oxygen, or nutrients to exit
quiescence and begin proliferating again (Sagot and Laporte,
2019). An example of an organism that regularly utilizes
quiescence is Saccharomyces cerevisiae, a species of yeast (Wloch-
Salamon et al., 2017; Sagot and Laporte, 2019). When stressed
or nutrient deprived it has been shown that around 75% of a
stationary-phase culture of S. cerevisiae will enter into a quiescent
state (Wloch-Salamon et al., 2017). S. cerevisiae quiescent cells
differ from non-quiescent cells in the same culture as they
develop a widened cell wall (Aragon et al., 2008), increase storage
of carbohydrates (Aragon et al., 2008), sequester proteins (Suresh
et al., 2015), cluster telomeres (Tjaden, 2015), and undergo
transcriptional shut down (McKnight et al., 2015). Additionally,
it has been shown that cell volume influences quiescence exit
efficiency (Sagot and Laporte, 2019). S. cerevisiae cells exiting
quiescence must reach a critical size before they are able to
enter the S phase of cell cycle and thus larger quiescent yeast
generally emit buds faster than smaller quiescent yeast (Laporte
et al., 2018). Quiescence is a unique form of cellular dormancy
that allows unicellular and multicellular organisms the capability
to survive stress in many various forms by essentially shutting
down reproductive efforts and lowering metabolic functions
until the stress is removed. Saccharomyces cerevisiae provide a
unique model that can be used to better understand cancer cell
metabolism during dormancy.

DISCUSSION: UNDERSTANDING
DIFFERENT TYPES OF DORMANCY
PROVIDES INSIGHT INTO DORMANT
PACC METABOLISM

All types of hibernation give organisms a mechanism of survival
in unfavorable environments. Common themes for all types of
dormancy are lowered levels of activity, little to no reproductive
efforts, lowered intake of nutrients, and reduced metabolic
rates. PACCs require a survival mechanism and altering their
metabolism while in a dormant state is a possible mechanism
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to survive stresses such as chemotherapy. Understanding and
comparing the different types of dormancy in nature provides
insight into how altered PACC metabolism during dormancy is
helping these cells survive and provides a possible opportunity
for therapeutic intervention.

Throughout evolution, organisms have adapted many
different metabolic strategies for survival. A hallmark of cancer
is reprogramming energy metabolism (Hanahan and Weinberg,
2011). One of the most well characterized metabolic changes in
cancer cells is the Warburg effect: that cancer cells preferentially
utilize glycolysis to generate the majority of their ATP, even while
in aerobic conditions (Warburg, 1930; Hanahan and Weinberg,
2011). When cancer cells are stressed their metabolic signatures
can be further altered. Cancer cells undergoing stress such as
starvation, radiation, or chemotherapy are known to have an
altered metabolism compared to their non-stress counterparts,
with evidence of accumulation of lipids and an increase in
autophagy to survive (Hanahan and Weinberg, 2011).

To study the metabolism of dormant cancer cells under
stress, the dormant population must first be identified. Upon
treatment of a cancer cell population with chemotherapy, an
emergence of physically enlarged cells with high genomic content
are observed in vitro (Erenpreisa et al., 2008; Zhang et al., 2014;
Amend et al., 2019; Pienta et al., 2020a,c). These cells, defined
as PACCs, exhibit temporary polyploidization of their aneuploid
genome while simultaneously altering their metabolism to
survive environmental stress (Pienta et al., 2020a,c). Following
polyploidization, PACCs halt cell proliferation, entering a
dormant state (Pienta et al., 2021). Eventually, when stress is
removed, PACCs exit the dormant state and generate progeny
to establish a recurrence (Puig, 2008; Zhang et al., 2013; Amend
et al., 2019). PACCs are a transient state of cancer cells that are
hypothesized to utilize dormancy and an altered metabolism for
survival (Pienta et al., 2020a,c). While under stress, PACCs appear
to utilize different metabolic functions to survive, but the exact
PACC metabolic signature has yet to be defined (Sirois et al.,
2019). Cellular quiescence is associated with low metabolic rates,
altered glucose metabolism, lipid accumulation, and an activation
of autophagy to provide nutrients for survival (Valcourt et al.,
2012). The quiescent state in PACCs can be compared to
dormancy in organisms that are able to remain in an inactive
state for long periods of time under stress for enhanced survival.
Comparing dormant PACC metabolism to the metabolism of
other dormant organisms across the tree of life may provide
valuable insight into PACC biology and survival mechanisms.

Different types of dormancy have evolved for survival of
organisms across multiple kingdoms of life. The key component
in all different types of dormancy is altered (though not
necessarily diminished) metabolic activity for prolonged survival
without further intake of necessary nutrients. Similarities can be
observed between all types of dormancy and PACC dormancy
(Table 1). For example, while in obligate hibernation, the arctic
ground squirrel recycles cellular components for energy so that
intake of nutrients during hibernation is unnecessary. Facultative
hibernation highlights that dormancy is not exclusively an annual
or periodic event but can occur near-immediately as needed
for survival. Quiescence allows yeast the ability to exit the

active cell cycle during stress to conserve resources until the
stress is removed and they can begin proliferating again. All
of these strategies are key survival mechanisms that cancer
cells seem to access.

Obligate hibernators hibernate annually every winter. During
obligate hibernation arctic ground squirrels can recycle and reuse
select cellular components to make up for their lack of nutrient
intake. Arctic ground squirrel skeletal muscle is broken down and
the free nitrogen generated is converted into necessary amino
acids which are synthesized into proteins that are essential for
continued survival during hibernation (Rice et al., 2020). This
metabolic survival mechanism can be compared to elevated
autophagy in cancer cells (Table 1). When cancer cells are
stressed, autophagy is induced. Autophagy is the process in which
cells engulf and break down portions of their cytoplasm to be
recycled for future use. This process can generate a high level of
fatty acids and energy for the cells. PACCs that enter quiescence
due to chemotherapy treatment are under high levels of stress and
are hypothesized to have increased autophagy levels (Dudkowska
et al., 2021). High levels of autophagy could give PACCs
a metabolic advantage during quiescence by slowly breaking
down cellular components for energy instead of importing
nutrients from the toxic environment. This metabolic “recycling”
allows arctic ground squirrels and PACCs the ability to better
survive dormancy without exerting excess energy to obtain more
resources and limiting risk from the harsh environment.

Facultative hibernation allows mammals the advantage of
entering torpor only when it is necessary. This allows mammals
to continue foraging, hunting, and mating until the moment they
become too stressed by changes in their environment and they
must decrease metabolic activities and enter torpor to survive.
Black-tailed prairie dogs have been shown to have lower lipid
peroxidation rates while undergoing torpor (Harlow, 1995). This
implies a storage of lipids and fats, but not a high usage of
them, indicating the hibernating black-tailed prairie dogs are
either using other sources of energy to survive, slowly breaking

FIGURE 1 | PACCs accumulate lipid droplets. This image shows a single
PACC with a high level of lipids (black arrow) surrounding the nucleus.
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down these lipids for energy to ensure they have enough energy
for long term survival, or they are sequestering toxins in these
lipids to protect other cells in the body from damage. Cancer
cells mimic facultative hibernation when conditions are bad (e.g.,
chemotherapy is introduced to the environment) by forming
PACCs which are in a metabolically depressed quiescent state
(Table 1). While in a quiescent state, PACCs appear to have high
number of lipid droplets that are not quickly degraded (Figure 1)
(Sirois et al., 2019). These lipids could be sequestering toxins
or they could be saved as energy reserves for when PACCs exit
quiescence and proliferate again. PACCs and black-tailed prairie
dogs only enter dormancy when absolutely necessary to survive
stressors that would otherwise destroy the rest of the population.
The ability to only lay dormant when absolutely necessary
allows PACCs and black-tailed prairie dogs to live and inhabit
environments that may have been deadly to them otherwise.

Quiescence is a key survival strategy for many unicellular
organisms. Quiescence allows yeast to survive nutrient deprived
and other harsh environments. Quiescent cells are found all
throughout the human body and are vital for normal tissue
homeostasis (Coller, 2011; Yao, 2014). Infrequent cell cycle
(entering and exiting quiescence) has been described as a
fundamental mechanism that can contribute to the evolution
of therapy resistance in cancer (Coward and Harding, 2014;
Donovan et al., 2014). Cellular quiescence can provide metabolic
adaptions as well as protection against stress and toxicities
which is important for long-lived cells and, unfortunately, for
cancer cells (Yao, 2014). It is hypothesized that PACCs enter
into quiescence and alter their metabolism as a survival strategy
when they encounter stress (e.g., hypoxia, chemotherapy or
radiation) and then re-enter the cell cycle when the stress
is lifted (Erenpreisa et al., 2008; Lopez-Sánchez et al., 2014;

FIGURE 2 | Parallel relationships between black-tailed prairie dogs, S. cerevisiae, and PACCs. (A) Black-tailed prairie dogs in a normal, non-stressed environment
are active in the environment. When stress (snow) is applied the black-tailed prairie dogs enter facultative hibernation. When the snow goes away the black-tailed
prairie dogs are able to exit their dormant state, become active again, and reproduce. (B) S. cerevisiae are first shown in a normal environment. When stressed
(starved) they enter into a quiescent state and some become enlarged. When stress is released they are able to exit quiescence and repopulate utilizing budding.
(C) Cancer cells in a normal environment are constantly proliferating. When stress (chemotherapy) is applied many of these cells undergo failed cytokinesis or
endoreplication and become PACCs. PACCs are larger than the original cancer cells and enter into a quiescent non-proliferative state, and contain high levels of lipid
droplets. When stress is released PACCs are able to undergo various forms of division (i.e., restart reproductive efforts) such as neosis or asymmetrical division to
produce new, smaller progeny that are the same size as the original cell population.
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Pienta et al., 2020b). Some parallels of yeast and PACC quiescence
seem to be that larger quiescent yeast cells are more successful at
survival and exiting quiescence while PACCs utilize larger size
to house additional cellular machinery to metabolize toxins as
well as access additional nutrients though autophagy (Table 1).
Additionally, quiescent yeast sequester proteins and undergo
transcriptional shut down to survive. Similarly, PACCs appear to
have high levels of lipids (Sirois et al., 2019) which means they are
most likely harboring fat to use during their dormant state as well
as not proliferating to save energy.

Analyzing parallel relationships between dormant organisms
can give us insight into how PACCs survive dormancy. Figure 2
demonstrates the parallel relationships between two different
types of organisms that utilize dormancy (black-tailed prairie
dogs and yeast) and PACCs. Black-tailed prairie dogs feed on
grass around their burrows to put on weight for winter months
when food is scarce and potential hibernation may occur. Only
when a stressor is introduced (snow/no food) will the black-tailed
prairie dogs actually begin facultative hibernation for survival.
When the environment is favorable again the black-tailed prairie
dogs are able to exit their temporary torpor and resume normal
daily activities and reproductive efforts (Figure 2A). Similarly,
when S. cerevisiae are starved, the majority of the population
becomes quiescent and some individuals become enlarged. As
stated earlier, recovering, larger S. cerevisiae are more successful
at exiting quiescence. The budded progeny of S. cerevisiae
return to the same size as the original S. cerevisiae population
(Figure 2B). Lastly, when in a stable environment, cancer
cells are continuously proliferating. However, when stressed
with chemotherapy, typical cancer cells become PACCs through
failed cytokinesis, fusion, or endoreplication (Erenpreisa et al.,
2008; Amend et al., 2019; Lin et al., 2019; Chen et al., 2019).
Polyaneuploid cancer cell are identified as large cells with a high
of genomic content. Under stress PACCs are the majority of
the population and enter into a quiescent state to survive. In
this quiescent state PACCs contain high levels of lipids (Sirois
et al., 2019), they do not reproduce (Pienta et al., 2021), and
they are physically enlarged, similar to the enlarged S. cerevisiae.
When stress is released, PACCs are able to undergo division (i.e.,
restart reproductive efforts) in the form of neosis (cell budding)
to produce new, smaller progeny that are the same size as the
original cell population (Figure 2C) (Sundaram et al., 2004;
Zhang et al., 2013; Amend et al., 2019).

All three of these examples demonstrate dormancy aiding
in the survival of these groups. During dormancy all of these
groups alter their metabolism to better survive in a dormant state.
Whether it be black-tailed prairie dogs that only enter torpor

when absolutely necessary for survival, or S. cerevisiae growing
in size to aid in their eventual repopulation, there are parallels to
PACC metabolism.

CONCLUSION

Despite increasing knowledge regarding molecular mechanisms
that drive cancer cell dormancy and their potential targets, the
best therapeutic approach to targeting dormancy still remains
unclear. Evolution provides examples of how various organisms’
metabolic activities are altered during dormancy to enhance
survival. Learning from models in nature like arctic ground
squirrels (breaking down and reusing nutrients), black-tailed
prairie dogs (low lipid peroxidation rates), and yeast (larger
size assists with exiting quiescence) can help us elucidate PACC
metabolism during dormancy. Learning more about PACC
metabolism in dormancy may be the key to learning how to
target these cells while in a dormant state. For example, the next
steps point to targeting lipid metabolism or autophagy initiation
which may be key factors to PACC survival in a quiescent state.
Disrupting PACC metabolism in a quiescent state will ultimately
lead to apoptosis of these cells. Successfully targeting these
cells will provide a critical therapeutic opportunity to reduce
metastatic chemotherapy-resistant tumor burden.
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